The photochemical properties of a series of xanthene dye bis(diphenyliodonium) salts (XT(JPh2)2) were compared. The results of fluorescence quenching demonstrate that the electron transfer of XT(IPh2)2 is mainly from ion pair and the quenching rate constants approach 1011.12M1s1 that is well above the rate limit controlled by diffusion. Effects of halogen substituents in the ortho positions adjacent to phenoxyl group in xanthene moiety directly affect their photoreactivities and dark storage stabilities. XT(IPh2)2 salts were applicable for vinyl monomers and the efficiency of polymerization depends on the rate of photogeneration of active radicals. Effects of solvent polarity and concentration of XT(IPh2)2 were also investigated.
Introduction
Most photoinitiators such as benzoin ethers and benzil ketal derivatives [I,2] are sensitive only to light at wavelength below 430 nm, however, the cold light emitters of industrial importance generate predominantly visible light. In many cases, the use of such light sources for treating photopolymer systems would offer economy as well as advantages from standpoint of safety. For example, the application of laser technology in the materials of holography, stereolithography and direct writing plate, etc., requires the photo-sensitization systems are sensitive to wavelength above 400 nm, and these photoinitiators are likewise favorable for photocuring of pigmented or filled coatings in thick layers.
Due to a large variety of commercially available dyes whose absorption spectra almost cover the entire visible and near ]Iregion, the uses of dyes as light absorbing components in photoinitiating systems permitting the photopolymerization by means of visible light once again have been received a widespread attention. The dye sensitized photopolymerization is based on the formation of radicals through either photoreduetion or photooxidation reactions of the excited dye molecules with coinitiator molecules [3, 4, 5] . Although several classes of photoreducible dyes are preferred e.g., acridine dyes, azine dyes, thiazine dyes, triphenylmethane dyes and cyanme dyes etc., which can be used with electron donors including amines, sulfinates, enolates, carboxylates and organomatellic compounds, the reports are known concerning the photopolymerization mechanism of dye oxidation systems. those dyes investigated hitherto are acridines, cyanines, porphyrines and various onium salts [6, 7] are well suitable for serving as electron acceptors.
Generally, dye photosensitized reactions are bimolecular electron transfer processes. In highly viscous and rigid polymeric reaction systems, it is difficult to achieve efficiently on such a short time scale of excited state lifetime since the molecular mobility is very low. In order to eliminate this drawback, the photosensitizes and the initiating component are linked by various bonds. The method in which the two components are bonded through electrostatic interaction between anions and cations is convenient and effective [8] . E. -J.
Wang, et. al. [9, 10] have reported such a photosensitized initiating system of eosin bis(diphenyl iodonium) salt (EO(IPh2)2). Upon exposure to visible light, this system rapidly undergoes intraion-pair electron transfer to farm the reactive radicals that then initiate the polymerization of unsaturated monomers. Since a series of xanthene dyes exhibit very high extinction coefficients and can be adjusted to specified sensitive range (400-600nm) in a simple manner by varying substituents in the xanthene ring, six xanthene dye bis-(diphenyliodonium) salts have been synthesized. The aim of the present work was to investigate the effects of halogen substituents in the xanthene ring on the photoreaction and polymerization.
Experimental
Six xanthene dye bis(diphenyliodonium) salts (XTQIPh2)2) were prepared by ionic exchange between commercially available xanthene dye disodium salts and iodonium chloride according to the literature [9] . The XT(IPhZ) Z salts involve fluorescein (FL), 4.?-dichlorofluorescein (FC), 4,7-diiodofluorescein (FT), eosin (EO), erythrosine (ER) and rose bengal (RB) bis(diphenyliodonium) salts.
Acetonitrile of analytic purity was used after distillation, 1,4-dioxane was used after refluxing with sodium for 16 hours and distilling. Methyl methacrylate (MMA) was purified according to conventional methods and distilled before use. Other reagents were all analytical grade and used as purchased.
The absorption spectra were recorded on a Hitachi 557 UV-visible spectro-photometer. The photobleaching and photopolymerization light sources were 400 W xenon lamps (light bellow 300nm filtered out with thick Pyrex glass) and the intensity of irradiation was 2.45 mW cm"2 and 15.60 mWcm Z respectively. The photobleaching rate was expressed by the relative change in the maximum optical density of the absorption peak at long wavelength as a function of irradiation time.
Rb (0D0-OD) /0D0 t The quantum yields (J) c~were calculated according to ~= Rr / 2.303Jsbc where R,. is the rate of the photoreaction and Io is the intensity of irradiation.
The polymerization rates were measured with Pyrex dilatometers (diameter 10 mm) which rotated around the light source at 8-9 rev min 1 on merry-go-round in a thermostatted photoreaction bath (30°G). The experimental data were treated by a least-squares method.
Result and discussion 3.1. Photochemical Properties of XT(IRPh2}2
The change of free energy of electron transfer (AGet) is an important evidence in determining whether or not a reaction can occur and reflect the driving force. Table 1 outlined the parameters of physical and chemical properties in xanthene dyes (XT) and diphenyl iodonium salt (IPh2). The redox potentials of xanthene dyes [1 1 ] are much higher than that of iodonium salt (Ered-O.2v)[l2], -which means that the photosensitization system composed of xanthene dyes and iodonium salt possesses a promising thermal stability. On the basis of Rehm-Weller equation, the caculated values of Get are negative on exposure to visible light, theoretically, this indicates that the photoreaction can occur from excited singlet or triplet state, or both of dyes.
The fluorescence quenching experiments of xanthene dye disodium salts (XT 1a2) by diphenyl iodonium tetrafluroborate (IPh2BF4) were further Table 1 . Thermodynamic parameters and quenching rate constants of various xanthene dyes by onium salt carried out. The quenching rate constants obtained from Stern-Volmer plots are 1011-12M"1s"1 (See table 1), which is nearly three magnitudes higher than the rate limit controlled by diffusion (2 x 109M"1s"1). The reason for that is xanthene dye anions and iodonium cations can partly exist as ion-pair association states via an equilibrium shift and unlike a bimolecular collision process, the electron transfer reaction can occur directly from intra-ion-pairs. Therefore it is obvious that the reaction rate mainly depends on the proportion of ion-pairs, and the higher the proportion of ionpairs, the more rapid the electron transfer between xanthene dyes and iodonium salts. E. Wang [9] and D. C. Neckers[ 13] have primarily studied the mechanism of photoreaction for eosin bis-(diphenyliodonium) salt and rose bengal bis-(dlphlnyllodonlum) salt. On inadlatlon with visible light, C-6 phenoxyl anion in the xanthene skeleton of excited dye firstly undergoes electron transfer with iodonium cation to generate dye radicals (Ph2]XT) and diphenyl iodide radicals (IIPh2), 'the latter further form active phenyl radicals and neutral iodobenzene via rapid bond cleavage; the phenyl radicals may couple or disproportionate with Ph2IXT', or diffuse from solvent cages. Subsequently C-2' carboxyl in the ring of phenyl group once again undergoes electron transfer with iodonium cation on radiation to generate dye leuco form (XTPh2). In the process of photoreaction, the bleaching of the xanthene dye results in the changes of its absorption spectrum with irradiation time that can be used to kinetically monitor the process of electron transfer. From the photobleaching of various XT(IPh2)2 salts (table 2) , it can be seen that their bleaching rates (Rb) and quantum yields are in the order FL>FC>FI>EO>ER>RB which is consistent with the result of fluorescence quenching. As mentioned above, there are two photoreactive positions, C-6 phenoxyl and C-2' carboxyl anions, however, the reactivity of phenoxyl anion is higher than that of C-2' carboxyl anion, and thus the photoreaction will start in the former. Therefore, when the ortho positions adjacent to phenoxyl group are substituted by halogen atoms in varying degrees, effects of substituents will inevitably generate an important influence on the photoreaction. Usually such effects can broadly be subdivided into electronic and steric components. The electro-negativity and the Hammet parameters (cT) [14] of halogen substituents are in the order Cl (0.23) >Br (0.23) >I (0.18) >H (0.0). Clearly, the negative value means the substituent is an electron releasing group, oppositely, the positive value means it is an electron withdrawing group and the higher the positive value of substituent, the stronger is the ability of electron attraction. If only the electronic effect of substituents were considered, the rates of electron transfer of XT(IPh2)2 would decrease with an increase in the electron withdrawing ability of substituents. Nevertheless, the minimum energy structure by the computer molecular modeling technique [1 5] have also demonstrated that the onium cations may be bonded to phenoxyl and carboxyl anions in different configurations, and the phenyl anion is inserted in the angle between two planes of phenyl rings in the iodonium cation, the size of halogen substituents (I>Br>Cl>H) may cause an increase in the distance between cation and anion, and thus the steric component may also become a neglectless factor in the effects of substituents. As described in our previous work [16] , the ratio of intensity of absorption peaks at long wavelength to that at short wavelength (II/[) can be used to evaluate the dissociation degree of XT(IPh2)2 salts which determines the rate of photoreaction. Table  2 shows the photobleaching rate slows down from FL(TPh2)2 to RB(IPh2) 2 with the increase of their dissociation degree(IIfIII). Overall, the above two factors, electronic and steric effects of substituents, may decrease the degree of orbital overlap and weaken the interaction between the donor and the acceptor, and further cause an increase in the dissociation degree, but the steric effects may play a considerably role in the process of electron 337 Table 2 Absorption spectra and photobleaching of various XT(IPh2) transfer.
Some visible light photoinitiation systems suffer from lower storage stability than that is expected from a UV curable system. This is partly due to an initiation reaction that has to be activated by the low energy of visible light, or can also possibly be activated by thermal energy. Although the calculated AG values of systems are under ground state, their dark stabilities show a distinct difference. From Figure 1 , it is seen that the stabilities of FL(IPh2)2 and FC(TPh2)2 are poorer than those of the other XT(IPh2> salts, their absorption coefficients have dropped a lot, and nearly half of them may have undergone the dark reaction after one year dark storage at room temperature, simultaneously, their colors have changed from red-orange to pain yellow, but on the condition of -10°C, FL(IPh2)2 are still stable during the long storage time. For EO(IPh2)2 and RB(IPh2), almost no any change has occurred after the same storage time at room temperature.
These results once again demonstrate that the halogen substituents in the ortho positions of phenoxyl group also generate an influence on the dark reaction, in other words, the closer is xanthene anion boned to iodonium cation in the ion pair, the higher is the degree of electron cloud overlap between donor and acceptor, and the more easily is the dark reaction activated by thermal energy.
Photopolymerization initiated by XTQIPh2)2
When exposed to visible light, XT(IPh2> can generate free radicals and is thus able to initiate polymerization of vinyl monomers and unsaturated resins. Owing to the low energy levels of the XT(IPh2)2 excited states (singlet and triplet), usually they cannot be quenched by monomers. Therefore XT(IPh2)2 are suitable in initiating polymerization of common monomers such as acrylates (e.g., methyl methacrylate (MMA)), acrylonitrile and styrene. In table  3 , polymerizations of 11IIN4A initiating by various XT~Ph2)2 are compared. The polymerization rate (Rn) is in the order FI>EO> FL>FC>ER>RB, but when the differences in the extinction coefficients of dyes are eliminated, their initiation abilities represented by the relative quantum yields are similar to the order of photo-bleaching FL>FC>FI>EO>ER>RB. Therefore the efficiency of polymerization depends on the rate of photogeneration of active radicals. For XT(IPhZ)2 organic salt compounds, the dissociation degrees are directly affected by the distance between the centers of anion and cation in the ion pairs, temperature and solvent polarity [ 14] , and increase with an increase in any of them, and thus the rates of photoreaction and photo-generation of active radicals are further influenced. Effects of solvent polarity of polymerization initiated by EO(g'h2) , have been studied in solvents with different proportions of acetonitrile and 1,4-dioxane. The result in figure 2 shows that the stronger the solvent polarity, the lower the Rp. Therefore it is expected that the rate and efficiency of photopolymerization of XT(IPhZh can be controlled by changing the ionic association states and it is consistent with the result of primary photoreaction [17] .
In the usual cases, the polymerization rate is directly proportional to a particular power of the initiator concentration where exponent is a constant, i.e., RP = [XT(IPh2)21x. However, the polymerization rate in figure 3 increases as EO(IPhz)Z concentration increases in the low concentration range but deviates from linear to drop in the high concentration range. This is attributed to the high extinction coefficient which causes high optical density when the EO(IPh2)Z concentration is above 2x104mo1.L"1, and finally results in the inert light screening effect. It makes the region of photoreaction gradually contract toward the direction of irradiation with the increase of EO(]Ph2) ~ concentration, accelerates various inactivition of free radicals and thus the polymerization rate decreases in the high EO(lPh2)2 concentration. Such a problem is a general phenomenon in the visible light induced dye sensitization systems, therefore it is highly desirable that the dye be recycled to maintain its concentration and thus to keep the reaction rate high. Our continuous work on dye regenerated photosensitization system will be reported.
Conclusion
A series of XT(lPh2)2 salts are sensitive to any range of visible region by different halogen substituents in the xanthene dyes. Effects of substituents adjacent to ortho positions of phenoxyl group in the xanthene ring play an important role in the photoreaction and dark storage stability. Their high initiating efficiency in a polar media is contributed to the high proportion of ion pairs and it makes the electron transfer highly efficient and prevent back electron transfer. The photobleaching of dyes permit application of these photoinitiators in photocuring of colorless coatings and thicker layers. 
